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FOREWORD

Because the results of this program can easily be divided into two sections.
one Unclassified and the other Confidential, we have decided (o publish this final
report in two volumes. Volume I (Unclassified) includes discussion of the design
of the measurement program and description of the instruments used, their calibra-
tinn, and the procedure used in obtaining and reducing the data. Volume {1 (Confi-
dential) presents a discussion and analysis of the results obtained. Data from the
following weapon types are described: 175-mm gun, 155-mm howitzer, 105-mm
howitzer, 90-mm gun, 75-mm gun, 40-mm gun, 4.2-in. mortar, and 41 -mm mortar.
Some 60-mm mortars with zero charge were also observed but produced signal
levels which were too low to yield good results.
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ABSTRACT

Volume | begins Mlh a description of the design of a-program to measure the
radiation from weapon muzzle flash in the spectral region from 0.8 to 5 pm. In-
struments desiuned to measure the spectral radiant intensity and spectral radiance
of these phenomena in narrow spectral bands are desertbed. A discussion of the
calibration techniques used to quantify accurately and precisely the results {rom the
instruments is also included. The results of the measurements obtained are pre-
sented in Volume II.
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RADIOMETRIC MEASUREMEN '§ OF MUZZLE FLASH
Final Report
Volume |: Program Design and Procedure
1
INTRODUCTION

The need for determining automatically the location of hostile artillery und heavy Infantry
pleces' is ohvious when one considers the complex -interaction of threat and environment. With-
out a sound knowledge of the radiative characteristics of both, the task of designing a system
to perform the location function is laden with uncertainties. The purpose of the prugram de-
scribed in this report was to increase our knowledge of the radiative characteristics of certain

threats, specifically those weapons, guns, howitzers and mortars, ranging in size from 40 mmv

to 175 mm. The latest sul.stantial information known to exist regarding the radiation from

muzzle flash is contained in a group of veports by the Franklin Institute (refs. 1 and 2 for
example) which resulted in an Army manual {3} The spectrxl data reporied in reference 3 are
probably useful out to about 2 um ina relative sense, but the nature of the calibration makes it
impossible to obtain radiant lntensity valuee from those fesults. Further, uncertainty in the
spatial extent of the flash coupled with some uncertainty in the meaning ol the units of the re-
ported data puts the results in-doubt ¢ven as determinations of radiance.

Underlying the rationale for the choice of a measurement program was a twofold intent:
(1) to gather sufficient data hopefully, to model the infrared radiation from different guns. and
{2) to ob* ‘a basic information on this radiation to understand the radiative characterlistics of

muzzle flash as related to the physical and thermodynamical properties of the plume Although

these objectives are not incompatible, the design of an experimental program depends to some

extent on what is emphasized.

There is still a third factor, essential in determining the kind of data needed, which is identi-
fied here as the systems input, If we are eventually to use the data in design concepts for systems

employed in the location of weapons, we are less 'intere_sted in the basic knowledpe of radiative
characteristics than in the specific characteristics of enemy weapons. On the other hand. the
weapons avalilable for study are those in the U. 8. arsenal, and these are somewhat inappropriate
as specific entities for systems focalization. Therefore, we attempled to combine the two urig-
inal objectives as much as possible in a limited experimental pregram to yield results useful
also in a study of systems aesign concepts.

T TR A L AT e
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In order that the experimential results contribute to a basic understanding of the phenomenon .
of muzzle flash, as well as yield a useful group of models, the program was desipgned to oblain
as many spectral and spatial data as was feasible. The vapld growth and decay in slze and in-
tensity of the flagh makes it Impaossible without very sophisticated and expensive equipment to

analyze it in very preat detail. The spatial information was limited to that obtained by incorpo-

rating two fields of view. one large enough to observe the entire plume at any time and hence
measure its radiant i'nlonsit,v und one smali enough to obgerve the radiance of only a small por-
tion of the plume near the muzzle exit. Both fields of view were fixed by the focal length of the
optics and the size of the field stop in the radiometers used,

Spectral information was obtalned by using narrow-band filters in the radlometers. The
filters were interchangeable and could be used in any one of the six radiometers employed in a
given measurement. Three radiometers had wide fields of view (WFOV) and the other three

narrow fields of view (NFOV). The choice of scparate, filtered radiometers was made to avert

the cost and complication uf a dispersing instrument designed to include the difficult spectral
interval between 2.5 and 5.5 um for waich complex detectors would have to be used. Complica-
tions were inherent in the brute-force handling of a large number of instruments and in an ex-
perimental design which had to adapt to an uncertain firing schedule. .

2
PROGRAM DESIGN

The program was designed in an effort to nbtain time-resolved, spectrally resolved mea-
surements of the radiant intensity of the to*al flash from the muzzle and of the radiance near
the muzzle exit. Temporal fidelity of the radiometers had to be sufficient for resolution of pulses
with durations of the order of a few miliiseconds and rise times of a fraction of a millisecond.
Spectral resolution was ascertained by lie expecicd spectral structure of the radiation, the
bandwidths with which filters can be easily made, the expected amoun of power in a narrow
spectral region, and the total number of measurements which ultimately have to be made to ab-
tain the required data.

- Because potentially a very large quantity of data could be derived from the experimental
program, the modus operandi was a compromise between experimental technique and avail-
ability of targets. The most sophisticated (and, incidentally, ideal) approach to the measure-
ment of muzzle flash is to use an instrument which partitions the spectrum of the flash at any
instant, without interfering with the instrument's ability to respond faithfully to temporal changes
of radiant intensity in any spectral region coming from any chosen part of the plume. This
paragon of all measuring instruments does not exist simply because the information inherent

in this demand exceeds the current infrared state of the art.

]
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However, our Laslc knowledge of the generalized characteristics of gascous radiation
partially precludes the necd for such an instrument. It is necessary only to measurc in those :
spectral regions which one would expect to use in a practical system. On the other hand, sipce £
we are also Interesled in a complete description of muzzle flash, we wanted to sample the entire

apectiral region of interest. Since practicality limits us to spectral resolutions of the order of

0.1 um, we chose o sample the spectrum at 0.2-um intervals with filters of a nominal band-
width of 0.1 um. A rapid-scan spectrometer would have been useful to obtain the spectrum
“with one or two filtered radiometers providing the calibration ia a few chosen spectral regions.
Although instruments exist which would provide the data needed for this program, they exist
only in designs for laboratory use and are very expensive to baild.

From the known limitations on measurement imposed by attenuation of radiation by the
atmosphere, It was possible to limit the number of filters used in the rodiometers still further.
Furthermore, by examination of typical spectra of combustion exhausts containing Hzo vapor
and carbon products, one can identify those regions in the spectrum at which the strongest ra-
diation is likely to occur for relatively short-distance measurements. Thus, we find that we
should seek thos/e regions outside of complete absorption by the atmosphere, yet within the wings
of atmospheric absorption where the emitter is still strong enough to produce a sizable signal.
The actual regions chosen are shown in section 3,

1t will be noted that a wide-band filter was added in the region between Z and 2.5 um where
the high signal might conceivably prove useful for detection purpases. An integration of spec-
tral power in this interval might provide useful information for systems designers. A wide-
band filter was also used between 3.4 and 4 um, where the power level was low enough tore-
quire this integration of the spectral power. In addition, it should be pointed out that because
stock filters were used {being much cheaper than custom-made filters) it was not aiways pos-
sible to achieve center wavelengths precisely where the peak of radiation was expected. On
the other hand, because spectral peaks in the radiation from such sources shift radically
within a range of several 1/100ths of a micrometer with changes of distance (and concomitant
changes in atmospheric absorptance) between source and recelver, the urgency to pinpoint the
center wavelength was not overwhelming.

The spatial resolution of the radiometers was a compromise chizfly between the sizes of
detectors used and the amount of power emitted in the flash. The basic optical systems for
the radiometers existed before this program was mitiated. It was necessary. therefore, to 4

prescribe detector sizes in accordance with the fields of view desired. For the purpose of

maintaining interchangeability. the detectors obtained were all the same size, approximalely
2.5-mm squarc. Subsequently, however, we were unable to take advantage of interchanging
detectors. and the resulting systems incorporating the two different fields of view were en-

tirely independent.
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We did not attempt a truly randomized design of the experiment. Rather we tried to get
an cven distribution of measurcmonts among the differont filter roglons. Several factors

helped prevent a statistical experimental design; the two most important were the absence of
certain filters during part of the program and the unavailability of certain weapons for observa-
tion at prescribed times. The result was that a large number of measurements were obtained,
but the distribution among the different spcctral regions was not as uniform as was desired.

The failure of the long wavelength detector resulted in a complete lack of data in the speciral
region from B to 13 um. ‘

3 .
DESCRIPTION OF THE RADIOMETERS
3.1. WIDE FIELD OF VIEW .

Figure 1 is a schematic drawing of the WFQV radiometer uged to obtain radiant intensity
meagurements of the muzzle flash. It consists of an Irtran 2 lens for collecting and focussing.
the radiation on a detector which trangsduces the radiation to a voltage which is amplified and
recorded on a tape recorder. The transmitting characteristic of the Irtran 2 lens is shown in
figure 2. Note that for wavelengths below 1 um and above 14 um the Irtran 2 lens is relatively
non-transmitting. Thus, data collected between 0.8 and 1.5 um is probably subject to more un-
certainty than the rest.

Since this radiometér was adapted from an earlier design, it incorporated an end-lookiny
detector. To keep the detector vertical, it was necessary to provide a 452 mirror to reflect
upward the horizontally approaching radiation. One of several different filters was interposed

between the incoming radiation and the lens to provide the spectral selectivity necessary.

The detector (InAs for the spectral region 0.8 o 3 um, InSb for 3 to 5.5 um), was mounted
in a ring which could be moved up and down on a rack and pinion for relatively easy fccussing

of radiation on the detector.

3.2. NARROW FIELD OF VIEW

Figure 3 is a schematic representation »f the radiometer used to obtain radiance values of
the muzzle flash. The speed of the optical system combined with the size and shape of a cir-
cular aperture (1 mm in diameter) in front of the dotector yiglda a circular field of view ap-
proximately 2.5 mrad in diameter. Thus, the area subtended at the gun for a distance of 100 ft

is a circle about 3 in. in diameter. This size is correspondingly larger for the greater distances

incorporated in measurements on the larger guns.
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FIGURE 1. DIAGRAM OF THE WFOV RANIOMETER

The optical system is Cagsegrainian with a primary diameter of about 6 in. and a secondary
diameter of 3 in, A side-looking detector rides on a rack and pinion for easy focussing. The
filter, in a specially designed holder, is interposed between the detector and the beam of cnergy
coming through the hole in the primary mirror. As with the NFOV radiometers, the detectors
used were InAs for the short wavelength region to about 3 um, InSb for the spectral region
from 3 to 5.5 um, and Hg:Cd:Te intended for use in the 8- to 13-um region. The filters were
intercliangeable between the two types (WFCV and NFOV) of radiometers.

3.3. ELECTRONICS
Each of the WFOV and NFOV radiometers used identical electronics. The photocurrent

from the detector was amplified by a self-biasing current-to-voltage preamplifier which in

turn drove a 500-{t coaxial cable connected to a postamplifier mounted in the equipment van.
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FIGURE 3. DIAGRAM OF THE NFOV RADIOMETER
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The postamplifiers had been built on another project from discrete component operational am-
pitflers. They had known, stable gains through the use of precision metal film resistors asieed-
back elements. Five values of gain were switch selectable. The outputs of the postamplifiers
weore fed to the inpuis of a 14-channel, 1-in. tape recorder operating at 60 ips. The signals
were recorded-in the FM/FM mode to preserve the low {requency componente of the signal.
Periodically, a 2-V, regulated square wave was fed to all inpute of the tape recorder o calibrate
the record-reproduce relationship, .

4
CALIBRATION
Calibration of the instruments comprises a series of basic measurements which must be
carefully performed to yield a base for creating sound, absolute data with a high level of con-
fidence, This is the most important single part of the measurement program.

4.1. FIELD-OF-VIEW CONTOUR

To understand the meaning of the field-of-view contour, consider a simple optical system
-congisting of a collector and detector (an inaccurate descriplion of the system used in these re-
ported measurements). In an ideal, non-diffraction-limited optical system, the object and image
{detector or other field stop) planes are conjugate so that the detector or field stop can be im-
aged in its conjugate object plane in a perfect representation of itself. For a simple, uniformly
responding surface, a rep}ésentation of the surface sensitivity, as obtained by observations
with the radiometer of a point source at the focussed distance, is a constant signal value within

the geometrical limits of the image of the detector (or field stop) edge, and zero outside of these
limits.

If the detector exhibits non-uniform sensitivity across its surface, then the signul out will ..
not be a constant value as the point source is moved across its image in the plane in which the
gource is moved. Instead the signal will embody these non-uniformities, and a plot of the signal

for different points in the detector image plane will yield contours of constant sensitivity,

The field-of-view contour provides an understanding of the relationship between the spatial
character of the radiating source and the spatial character of the optical system and detector
which receive the radiation. For the ideal, non-diffraction- imited optical system, the solid

angle field of view, w, would be defined very approximately (for r >> f) by the relation

w:ad/f2=Adﬁ2

T———
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where 4y 18 the area of detector or field stop, f ir the foc.l dongth of the lis' rument, and Ad is

the area of the detector image at its conjugate distance r from the collector optics. However,

aberrations in the optics, non-uniformitics in the detector, lack of proper fucussing, and finlle

size of the test point source tend to modify the field of view from the ideal to that determined

in reality, Field-of- 'tew contours for the WFOV radiometers are shown in figures 4, 5, and 6.
Those for the NFOV radiometers are shown in figureg 7, 8, and 9.

It will be noted from figures 4 and 8 that the field of view of radiometers #1 and #4 (mea-
sured with the 2.2-um filter in place) are almost what would be calculated geometrically from
known optical constants. Thus, the field of view of each of these radiometers is 6° from one
side to the other with highly acceptable uniformity. Radiometer #3 shows a slight deviation
from the ideal with an unexplained slight contour irregularity at 3 o'clock. All of the WFOV
radiometers show sufficient uniformity over a wide enough area that, as long as the radiometer
optics was centered on the flash, unambiguous, accurate results should have been obtained. The
highly sensitive, uniform portion of the field of view was sufficiently large to encompass the
whole of all muzzle {lashes except the few exceptionally large ones., By definition then, the
WFOV radiometers werv in reality capable of measuring the time-varying radiant intensity of
the flash.

The fields of view of the NFOV radiometers (figs. 7-9) did not display the desirable sharp,
circular contours obtainable from calculation, although radiometer #6 (fig. 7) came fairly close
to the ideal. Except for the irreguiarity and the slow gradient exhibited by radiometers #7 and
#8 (figs. 8 and 9j, the average diameter of each field of view was approximately 2 mrad, which
defined a circle of projected diameter at the gun muzzle of approximately 2.5 in. for every
100-{t distance between radiometer and gun,

Because the NFOV radiometers were calibrated in terms of the source radiance (i.e., with
uniform radiation filling the detector), non-uniformities in the field of view would have no ad-
verse effect on determining the radiance of a specific area of the source if the part of the source
sampled were uniform. That is, unambiguous results could be obtained, However, il non-uni-
formity exists in the sampled area, then the convolution of the two non-uniformities (source and
field of view) yields results which can be interpreted only with a careful analysis of all tke data,
including the physical properties of the flash. Furthermore, even with a perfectly uniform and
well-defined field of view, the best that can be obtained if the flash is non-uniform is an average

value of the radiance,

4.2. FILTER CHARACTERISTICS

For the purpose of limiting the data to the spectral regions of interest, filters are inserted
inthe radiation beam. Characteristics of the filters used inthis program are shown infigure 10.
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Aii fiiiers are presented on one graph and normalized to unlty for comparison of the spec-
trual regions sampled. The actual peak transmittance of the filters is given in table I. As spec-
iied in the planning of the program, the center wavelengths of the filters arc approximately

0.2 pm apart except in and near the strong atmospheric absorption regions. No measurements
were made in the centers of these regions, and attempts were made to sample in the wings of
the HZO and CO2 atmospheric bands where target radiation managed to leak through. Note also
the wide-band filters between 2,17 and 2.50 um and between 3.50 and 3.94 j:m.

The filter centered at 2.85 pm vecame degraded toward the end of the measurement pro-
gram, and its characteristics changed slightly; a slight widening of the bandwidth occurred, and

" a small tail on the long wavelength side developed. Analysls of the data would naturally have to

take this into consideration, although the interpretation of a change in observed values would
be difficult because of the superpositior. of two changing entities: the spectral transmittance of
the fiiier and the spectral emittance of the gun flash, '

TABLE I, FILTER CHARACTERISTICS

Center A Filter Bandwidth AX Peak 7 Average 7

Filter No. (um) (um) o) (‘")
1 0.787 0.091 9,7
2 0.990 0.096 ' 58.8
3 1.18 0.050 o 33.4
4 141 ~0.133 47,0
5 ’ 1.62 0.067 37.4
6 1.82 0.076 46.0
7 1.98 0.093 55.2
8 2,25 0.123 48,5

9 NA (wide band) 0.310 67.5
10 2.39 0.100 61.0
11 2.85 0.106 65.9
12 3.13 0.064 64,7

13 NA (wide band) 0.407 80,0
14 4,06 0.077 57.0
15 4.14 0.070 53.0
16 4,63 0.090 62.2
17 4,93 0.094 65,8
18 4,97 0.073 66.0
19 5.19 0,087 53.0

12
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The bandwidths were very near to the specified value of 0.1 ym. The spectral bandwidth

ie calenlated gimply from the expression

A

2

an = 190 f 7(2) dA

T
peak Al

The filter curves were digitized and the integral easily computed nuxﬁerically using as Al and
Az the points beyond which 7'(2) is zero, Of all the optical componenrts in the radiometer which
can vary spectially, the filter transmission varies more rapidly with wavelength than any cther

and so essentially determines the spectral sensitivity of the radiometer.

4.3. RESPONSIVITY
The signal output from a filtered radiometer [ollows the form of

. -]
v- I;%Jo L, () w-A-7(0)-5() A

where V = signal out of the detector
D = distance in centimeters to the emitting source
LA(A) = radiance of the (uniform) soi.\rce
a = area of the source observed by the instrument
A = area of the collecting optics V
Ta(x) = transmittance of the atmosphere

3(A) = (normalized to unity) dimensionless spectral response of the instrument which,
for narrow-band filters, hac approximately the shape of the filter transmittance

A = wavelength in micrometers

The quantity R is a constant of proportionality called the responsivity, having dimensions
-of volts per watt in the atove equation, Its nomenclature is ctilerwise determined Hy the quantity

~ being measured as showﬁ below.

4.3.1, NARROW-FIELD-OF.VIEW RADIOMETERS. In calibrating the NFOV adiometer,
we are interested in the radiance of the source. We note that the quantity « /D2 = w, the field
of view of the radiometzv, i a constant of the system, By combining this with the other con-
stants A and R, we end up with &' - RAw, the radiance responsivity of the system, which is
the signal voltage (or some other observable) out of the system related to the amount of radi-

ance measured in the integrated svectral region. Thus, we may write

13




’ per micrometer) the calibration constant, or radiance responsivity, is calculated from
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r<
V- ,ge'j L, A):7_(A)-s() dA
a
0
We realize, of course, that for a distant source the lnstrument response is proportional to
L\l,\)- .‘a(,\) = L'\(N). the apparent spectral radiance and not the true radiance. In order to obtain

the true rad:ance from the calibration data, the atmospheric transmittunce must be treated,

In the calibration, however, conditions can Le met such that T‘l"’\) 1, 80 it becomes nec-
essary only to supply a scurce of krown radiance, which is done by the use of a well-controlled
blackbody. For the wide-band filters at 2,17-2.50 ;:m and 3.50-3.94 um (where the total inte-

grated radiance over the spectral band was considered tnstead of the spectral radiance, i.c.,

\

P
Ay ]
* JA L, ppt)s)dr -

1

The subscript BB designates that L\(f\) is the blackbody spectral radiance, The dimensions
here would be V.’(W-cm-z—sr-l) in the spectral region aX, the bandwidth of the filter. The

region of integration, A, to AZ’ is the region of sensible transmittance of the filter. In practice,

1
A’ is obtained by plotting & curve of the preamplifier output voltage versus radiance input; that

is, the value of the integral in the denominator of the equation.

For the narrow-bund filters the value 4" is modified slightly to;ﬁ'l 25 shown below

Vv

E x,
1
KXJX LA’BB(A)-S(A)dA

where

Note that in comparison with the previous definition of aX, s(A) is cssentially the normalized
transmittance of the filter. The reason for the above modification is that when this constant is

divided into the signal from the target, the 1 esult appears direcily as spectral radiance.

14
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The vesponsivity 18 represenied by the siope of {he curve on a graph of signal voltage (or
other observable) out as a function of changes in the spectral radiance measured by the radi-
ameter. The constancy of the responsivity is prescerved up to those values of rudiance which
cause non-linear response In the detector. Ip this range the responsivity becomes a function
of the Input to the system, and care must be taken to consult the calibration curve i Inote .
c:\ﬁ-fully the responsivity for each signal out. It is best, if possible, to avoid the non-iinear
region (non-linear response sometimes signifies poor circuit design) and work only with con-

stant responsivities. The non-linear region was never encountered in the present program.

Two independent methods were used for calibrating the NFOV radiometers, the collimator
and distant extended source methods {4]. In the first, the apertu=2 of a blackbody is placed at
the focus of z collimator, fabricated in this case fruom optics identical to those used in the ra-
diometers themselves. The radiometer is focussed for infinity and the signal output controlled
by the radiance of the blackbody. The magaitude of the radiance was varied by changing the
temperature of the blackbody. The measurements were made with each filter that was to be

used in conjunction with a given radiometer in the field measurement, Curves on log-log paper

of the preamylifier output voltage as a function of spectral radiance at the center Wavelength»
of the filter are shown in figures 11 through 18, Table 11 lists the filter regions used with the

different radiometers and the values L)\/V and spectral responsivity cf each determined from

. D
the curvey drawn in the figures. Note that the responsivity values in table II are the values ob-

tained fbrggi divided by aX,

The second method of radiance calibration, distant extended source, entails positioning
the blackbody source far enough from the radiometer to obtain a good image of the aperture
at the detector, and close enough to have the image appear larger than the detector. The spec.
tral radiance valnes were varied again by éha.nging the temperature of the blackbody. Signal
oi:tputs were plotted on the same graphs used for the collimator method. The curve was found

to coincide with that plotted from the collimator method of calibratidn,

4.3.2. WIDE-FIELD-OF-VIEW RADIOMETERS. In calibrating the WFOV radiometers we
are interested in obtaining not the radiance, but the spectral radiant intensity, I’\(?«). This is
obtained from the experimental value of the spectral irradiance E)‘(A) and the distance D to the
source. Thus, if we rearrange the original equation to obtain

L)‘(A)'G'Ta('\) i IA(R)' Tﬂ(?«)

E, (A) = -
b\ D2 Dr

we can combine the constunts € and A into 98*' to obtain

15
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FIGURE 11. SIGNAL VOLTAGE vs. SPECTRAL RADIANCE WITH
FOUR FILTERS FOR RADIOMETER #6 ) o T
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FIGURE 12. SIGNAL VOLTAGE vs. SPECTRAL RADIANCE WITH FOUR
OTHER FILTERS FOR RADIOMETER #6
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1074
Wide-Band Filter: 2.17-2,50 um/
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FIGURE 13. SIGNAL VOLTAGE vs. RADIANCE IN A\ FOR
RADIOMETER #6
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FIGURE 14. SIGNAL VOLTAGE vs. RADIANCE IN ax FOR

RADIOMETER #17
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FIGURE 15, SIGNAL VOLTAGUE vs. SPECTRAL RADIANCE WITH
THREE FILTERS FOR RADIOMETER #7
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i0 -
Filter Center:
(a) 2.39 pm o
() 4.63 um ov—e
. 4,95 um
10 2 (c) M ——a
10°3
1074
1074 1072 10°2 107! 10°

SPECTRAL RADIANCE (W/cm®-sr- um)

FIGURE 17. SIGNAL VOLTAGE vs, SPECTRAL RADIANCE WITH
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THREE FILTERS FOR RADIOMETER #8
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FIGURE 18. SIGNAL VOLTAGE vs. SPECTRAL RADIANCE WITH
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TABLE JI. RADIANCE RESPONSIVITIES FOH THE NFOV RADIOMETERS

L,/"D(";,é"") Radiance
Figure and Conter » s 14 Re“”""s“’_"zy (’*ﬁ' )
Radlometer No, Curve No. () W-cm“-sr “-um_"/V) (V/W-cm "-sr )

6 11 (a) 0.787 11.6 0.95
6 11 (b) 0,990 143 0.13
6 11 () 1.18 106 - 1.80 t
6 11 (d) 1.41 32.2 0.23
6 12 (a) 1.62 25.0 . 0.60
6 12 (b) 1.82 10.3 , 1.28
6 12 (c) 1.98 T3 0.0

- 6 12 (a) 2.25 5.55 1.46 ;
6 13 2.17-2.50 wide -~ 0.475* i
7 14 2,17-2.50 wide 0,202+ . i
7 15 (a) 2.85 15
7 15 (b) 318 4.20 3.72
i 15 (c) 4,06 3.30 ' 3.92
7 16 3.56-3,94 wide 0.154*
8- 17 (a) 2,39 2.65 3.7
8 17 (b) 4.63 1.40 : 7.93
8 17 (c) 4.93 1.27 8.36
8 18 (a) 4.97 1.36 10.08
8 18 (b) 5.19 1.85 6.21

*These values are for the total bandwidth of the filter,

2

v ;m"j E, (W) dr
M

when the region of integration is restricted to the spectral region of sensible transmission of

the filter. Strictly speaking, I, (\) = | L, (\)da; not 1, () = L, (x)-a. From this we get
“a
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when we calibrate with 2 suttable blackbudy source. M, as for the radiance calibration, we
2
wish to obtain the spectral irradiance (i.e., W/cm' - um) directly from the signal voltage re-

sulting from target radiation, we must normalize the result of integration and obtain

v

Ry = X

1 2 i
'X?_«,[; EA,BB(A)S(A)dA
1

where
RZ . - . . —
AJ\:I s(A) dx o
Al :

The value for 1/5?'1' = EA/VD is given for each calibration in table III. Along with this quantity,

table III also containg the irradiance responsivity g@'' for each calibration and the center wave-
length of the filter used in each case. ‘ ‘

The calibration is carried out in the laboratory by placing a bléckbody at a focucable disu'
tance from the WFOV radiometer. The aperture of the blackbody is small enough to produce ;
an image on the detector which ig considerably smaller than the detector. The )arge range of ;
irradiances used for calibrating the radiom=ters was obtained ty varying the size of the hlack-

body aperture, the temperature of the blackbody, or the distance between the blackbodv and the
radiometer,

For each filter-radiometer combination the preamplifier output voltage caused by radiation
from the blackbody was plotted on log-log paper as a function of the calculated spectral irradi-
ance. These curves are presented in figures 19 through 26 for radiometers 1, 2, 3, apd 4. Tre
values for E,\/VD = 1/ | and for g@", the spectral irradiance responslvity shown ia tabte JII,
are optainable from the curves. Note that the responsivity curves include an eniry referring
to a filter at 4.14 um. In all other cases the fiiter regions used for the NFOV and WFOV radi-
ometers were identical, In this case the filter for the NFOV radiometer complementary to the
4.14. um filter was the one at 4.06 um. They were intended to G2 identical, but a measurement
of the gspectral transmittance showed that they viere sligitly difiecent.

4.4, CALIBRATION LAMPS

As part of the calibration procedare, it is necessary to deterraine if there are changes in '
the responsivity from one run to the next. This is done by fabricating simple lamps which have

a constant, though not necessarily known, output. These lamps are clamped to the radiometer
and the output observed.

21
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TABLE III. JRRADIANCE RESPONSIVITIES FOR THE WFOV RADIOMETERS

| /g
i EA/VDk:ﬁ) lrradia.ncei '
: Figure and Center A 1 Responsivity (-&¢'")
E_ Radiometer No, Curve No. (pm) ﬂ!‘!-cmz-;un. A2 Q’M‘-cmz)
i 1 19 (a) 0.787 4.10 x 10°° 2.68 x 10°
1 19@® - 0.990 3.72 x 10°° 2,68 % 10°
1 19 (c) 1.18 2.60 x 10°3 770 x 10°
1 20 (a) 1.41 6.90 x 10°° 1.00 x 10°
1 20 (b) 1.62 3.60 x 10”3 a.15 % 10°
1 20 (c) 2.85 1.06 x 1073 8.00 x 10°
2 21 (a) 463  1.02x107? 10.90 x 10°
2 21 (b) 4.93 9.50 x 1072 11.20 x 10
2 21 (c) 4.97 1.56 x 3074 8.66 x 10
2 21 (d) 5.19 2.05 x 1074 5.61 x 107 .
3 2@ 2.8 8.50% 1074 1.10 x 104 o
a 22 (v) 213 5.80 x 10~3 2,69 x 10° '
3 22 () 4.14 2.93x 1074 4.88 x 104
3 22 () 4.63 1.20 x 1074 9.25 x 104
3 23 3.50-3.04 wide 7.70x 10°%
3 24 (a) 4,93 1.20 x 1074 8.86 x 107
3 24 (h) 497 1.44 x 1074 9.51 x 10%
3 24 (c) 5.19 2.08 x 10° 5.52 x 10
4 25 (a) 1.82 1.36 x 10°° 9.67 x 10°
4 25 (b) 1.98 1,03 x 1072 1.04 x 10%
4 25 () - 2.25 4.15 % 107* 1.96 x 10%
4 25 2.9 4.70 x 1074 2.12 x 104
4 26 2.17-2.50 wide 7,10 x 1075

*These values are for the total bandwidth of the filter,

The lamp used in checking the stability of radiometer responsivity was the General Electric
Miniature Quartzline incandescent lamp #1973, The filament leads extend through the base of
the lamp and for the current application were mounted inside a metal box to posts which were
wired to a well-regulated source of 1.5 A dc. The lamp is rated at 12 W, but in this application
it was operated at 7 W, It was sufficiently aged so that during the period of use there was no
gignificant change in the radiant outpui.
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FIGURE 19. SIGNAL VOLTAGE vs. SPECTRAL IRRADIANCE WITH
} THREE FILTERS FCR RADIOMETER #1

100
S . Filter Center:
: = (a) 1,41 um o—o0
= - (b) 1,62 ym o—e
o - (c) 2.85 um &—a
5 w0l
(@] -

-~

8
[
3 -2
A 10
=
o S
g 3

107 '

1078 1075 1074 1078 1072

SPECTRAL IRRADIANCE (W/cm®- jim)

FIGURE 20. SIGNAL VOLTAGE vs, SPECTRAL IRRADIANCE WITH
THREE FiLTERS FOR RADIOMETER #1




R AL |

me

WILLOW RUN LABORATORIES

s s e e ]

S YOE Filter Center:
: {a) 4.3 um o0—o
p=1 (b) 4,63 nm o—ae
?_‘ .2 (€) 4.97 pm +—
510 (d) 5.19 um
o]
& i
5]
R
5 10 ;
= .
e
&
a

10-4 L. uunl i lulul il Illllll 1L

1078 10?7 . 108 1% 107t

SPECTRAL IRRADIANCE (W/cmz-um)

FIGURE 21. SIGNAL VOLTAGE vs. SPECTRAL IRRADIANCE WITH
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FIGURE 22. SIGNAL VOLTAGE vs. SPECTRAL IRRADIANCE WITH
FOUR FILTERS FOR RADIOMETER #3
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Hadiation from the lamp was observed through a small hole in a baffle plate covering the
metal hox, A small chapper wag tnstalled J1side the Hox just in front of (he lamp to provide a
chopped signal source for the ac-coupled radiometers, For the WOV radiometers the lamp
liousing was fitted directly to the snout of the radiomeoter, The radiulivn was observed ihrough
the 2.85~pm filter for radiometer #1, the 4.63-m filter for radiometer #2, the 4,14-um filter

for radiometer #3, and the 2,59-m filter for radiometer 44,

un the NFOV radiometers the lamp was mounted to the front in such a way that the hole in
_the baffle plate was lined up with the clear portion of the entrance mirror hetween the spider
posts holding the secondary mirror in place. Because of the low Bi'gnal levels. 10 filter was
used in checking the NFOV radiometerg, '

4.5, ATMOSPHERIC TRANSMITTANCE _

As an additional part of the calibration procedure, it is ;=ssential to determine the effect of
the atmosphere on'the propagation of radiation in the different spectral rcgions. Recall from
section 4.3 that for the NFOV radiometer V

Ve .‘AA-LA(A)Ta{A)s(A)dA.

and for the WFOV ramometer

[' l}\(A)
V=@l 7 (s

‘ax D* ?
Ther«=fore, in conirast to the measurements made in calibration where the absorption by at-
mospheric constituents was negligibi- the signals from the target {lashes inherently containad
the atmosgpheric tranemittance, 7a(A). Although removal of the effect of absorption is not nec-
essarily {znd not usually) a simole matter, for the ra, row bandwidths used in this experiment
it is believed that the spectral nature of the source di¢ not vary radically within these band-

widths; thus there is no great error introduéed by calcilating as follows

1\ YNFOV .
L, () = | 2= | (1)
A \Ta) ﬂ?l
0L
Y
L) = (—i—\—w—F,ﬂ - 02)
h .‘78} m'l
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wherce VN FOV preamplifier output vollage for the NFOV radiometer
7 . i Vg . awre | \ X W
\WFOV - preamplifier output voltage for the WFOV radiometer

'

i

T J;\ P MISIXIAN/ T aIX

Jaa

X(\Y is a function designe:! to approximate the spectral distribution of the target,

a 1000“K blackbody tunction in this case

If the taiget spectrum varies greatly from X (), then lurge errors can be incurred depending

oil howrtho target and atmosphere interiact spectrally. The value of ;a can be obtained in sev-
eral ways. The two most dircct approaches are (1’) to messure spectrally, i.c., Tu('\)' the
transmittance of the atmosphere between the target and receiver using a blackbody us the known
source of radiation, and calculate :l from the above equation, and (2) to determine the :unount

of abscerber [u the path (e.g., by a relative humidity measurement in the case of 1!20 vapor) and

calcﬁlate ‘-'n(x) from an appropriate mode! fos whis path, then caleulate ':'.1 as tn the first method.

The {irst method is more accurate because Ta(?«) is measured directly instead of calculated.

However, it is more difficult and time consuming to implement. Furthermore, for the distances
Involved, the inaccuracy i probably no greater than that introduced by the variability of the
datu {from the target flashes or the uncertainty in the interaction of the variable target spectrum

and variable atmospheric absorption. Therefore, the second methud was chosen for the detes
mination cf 7_.
a

4.6. TEMPORAL RESPONSE

From previous experience it was known that the events to be measured had durations from
a few mill:seconds to several hundredths of a second and rise times us small as a fraction of a
millisecond. These factors required tiat the radiometers be capable of holding a dc lovel for
as long as a tenth of a second and have rise times of some tens of microseconds in order to
aceurately portray the shape of the observed pulse. This corresponds to a bandwidth of about
2 Hz to 17 kHz. Thus, relatively fast detectors were required which cover the spectral ragion
0.8 to 5 um. Photovoltaic InSb and InAs detectors riounted in simple liquid nitrogen Dewars
were the most timely and econoniical choices. Both of these detector types have intrinsic time
constants of the order of a microsecond, but the time constant of the complete radiometer is
determined by the coupling of the detector and its associated capacitance to tiie preamplificr.
These detectors have relatively large impedances and when irradiated act like photocurrent
generators. For best detectivity, this photocurrent should be measured with zero voltage drop

across the detector. This condition can b2 met in several ways,
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The firat is by using a transformer to couple the detector to the preamplifier. In s way
the ds voltage aceoss the detector 18 kept low and the ac signal is amplified. Transformer
f coupling poses a problem in satisfying the Jow frequency requirement nceded for this progrum.
Frequencies lower than about 10 Hz can be difficult to transfer in u transformer. Hum pickup

and non-linearity can also be problems. This solution was, therefore, rejected.

The second method s back-biaging the detector to obtain the required zero de voltage drop
and amplifying the small ac voltage in a low-ncise voltage preamplifier, This solution is useful
provided high frequency response cun be traded for detectivity, since the detector capacitance
combines with the preamplifier input impedance to determine the time constant of the cbmbina-
tion, In our program, becausc of the large detectors involved (and hence large capacitances),
this approach would have resulted in‘ an unacceptably large loss of detectivity for the bandwidth

required.

The third technique is to usc an operational anplifier” as a current-to-voltage transducer,

‘This technique transforms the photocurrent cutput to a voltage developed across a low ohtput
impedance and at the same ti maintaihs an essentially zero voltage drop across the deicclor,
No bandwidth sacrifices are required with this technique provided the aperational amplifier has
sufficient bandwidth, On the advice of a manufacturer's representative we tried the Fairchild
11A709 silicon monolithic operational amplifier connected as a current-to-voltage transducer
and had excellent results, This device is readily avallable, inexpensive, and has a low noise

level,

The devices so constructed had equivalent input noise levels approximating the noise level
of the InSb detectors, but about a factcr of 5 to 10 atove the noise level of the InAs detectors.
Other techniques were tried in order to obtain a system with a noise level of the order of that
of the InAs detectors, still maintaining the required bandwidth, but withrut success. We decided
to accépt the factor of 5 to 10 loss in detectivity on the InAs detectors in order to presérvé the

required bandwidth, A schematic of the preamplifier used on the InSb and InAs detectors iz

shown in figure 27. The second operational amplifier serves as a voltage follower to drive the
‘ 500 ft of cabie between the preamplifier and the postamplifiers and recorder. All resistors
used were precision metal film resistors so that the gain would remain consiant to less than

1% over the range of temperatures to be ericountered in the field prugram,

*An operational amplifier is a wideband amplifier having, ideally, infinite gain and input ;
impedance, and zero output impedance. A variety of analog operations can be performed on : 3
clectrical signals with such a device by using various types and amounts of feedback and inter- i
connecting them in various ways. Reference 5 gives a complete treatment of the uses of these
operational amplifiers.
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FIGURE 27. DIAGRAM OF DETECTOR PREAMPLIFIER. Cy determines the high .
frequency cut=off of the radiometer, and Cy the low frequency cut-offs for simplicity, - . o
bittery power connections and phase-compensation components required in the oper-
tion of the 1AT09 have not been shown.
Subsequent to the field program, an investigation was made of the equivalent voltage and
cur+ent input noise levels of the A709 operational amplifiers that were used, At the same
time similar tests were made on several other types of operational ampiifiers availuble to us.
Thesc additional units were all epoxy-cncapsulated units made up of discrete comnpononts, We
came to the conclusion that for the detector sizes (2.5-mm square) and impedance values (15
kQ to 80 kR2) involved, the pAT09 is the Jogical choice for all but the lowest noise level apnli-
cations. To avoid completely limitations from amplificr noisc, it woula be necessary to usc

the most sophisticated of the hybrid high performance operatienal amplifiers now available,

It also became apparent during the course of testing some other detectors tihat if the size
of the detector is smaller, so that the detector impedance is greater, the pA708 operational
amplificrs become unsuitable because of their relatively moderate input impedince (~400 k),
In such cases it is necessary to o to high quality discrete component operational ampliticrs

with high impedance input circuitry.

During this post-fieid-program investigation, we also noted that the input noise voliages
and currents of the 11 1A709 units tested varied between units by as much as a factor of 4.
Thus, by careful se'ection it would have been possible to optimize the detectivity of the InAs
radiometers more carefully. Table IV describes the detector used in each radiometer by ra-
diometer number. "“he degree to which the detectivity of the radiometer approaches or exceeds
the detector detectivity as measured by the manufacturer is an indication of the degree to which

the preamplifier noise is smaller or greater than the detector noise.® It can be scen that in all

*It is not certain that all of the differcnces between detector and radiometer detectivities
are due to the amplifier. The detectivity measurements made by the manufacturer were made
at a differert clectrical frequency than those made by Willow Run Loboratories. Thus, some
of the differences could be duce to noise-spectrum differences at the two frequencies,
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TABLE 1V. RADIOMETER AND DETECTOI CHARACTERISTICS

Detectivity Detectivity Detector Rize Decay

Detector Type of Dctectdr of RadiomotorT Impedance Timet  Timel
Radiometer No.®  and Serial No.  (em-Hz1/2Ww)** (cm-Hz1/2 W) (%) (nsee)  (sec)
1 InAsg, #0844 11.5 »~ ]09 2.6 109 80 K 28 0.160
2 InSh, #0834 22.3 ~ 109 14,6 » ]0g 40 K 23 0.120
3 InSh, #0857 20.9 ~ 10° 14.7 > 167 15 K 27 0,108
1 InAs, #0872 12.4 ~ 10° 1.37 + 10° 100K. 28  0.118
6 InAsg, #0840 8.2 > 109 7.25 » 10(1 80 K 28 0.104
7 InSh, #0862 15.8 % 109 17 > 109 30 0,098
8 InSb, #0847 18.0 » 10° 14.7 > 10 68 K 26 0.130
9 Hg:Cd: Te, t by 36-- - -25 0.024

DLKB]

) *The detector for radiometcr 5 was irreparably broken in transit to Jefferson Proving Ground and
is not included herein,

**As measured by detector manufacturer at 0 V bias.
Tas measured by Willow Run Laboratories through the electronics used.

IThese characteristics are classified information,

cases but one* the radiometer detectivities were smaller than the corresponding detector de-
tectivities. However, the loss of detectivity was significant only in the case of the InAs de-

tectors.

One long-wavelength detecter was also purchased for this program. It was a liquid-nitrogen-
cooled Hg:Cd: Te photoconductive detector. These devices typically have very low resjstances
and very low responsivities, making it difficult to preserve their detectivities in real radiom-
cters. This barficular detector had a resistance of 34 Q. In order to avoid a drastic loss in
detectivity, it was nccessary to use a transformer to couple the detector to the preamplifier.

The preamplifier in this case was a simple voltage amplifier constructed of A709 operaticnal
amplifiers. When so used its detectivity was satisfactory, but its bandwidth was somewhat be-

low the desired level,

In the laboratory prior to the field program, some overshoot and ringing was also noted on

this radiometer apparently due to the interaction of the transformer inductance and the blocking

*This occurrence of radiometer detectivity greater than detector detectivity is probably
also indication of experimental differences between the manufacturer's measurements of de-
teclivity and those of the Willow Run Laboratories.
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capacitor required to keep the large de bias current [nvcessary foi a photoezonductive detector)
out of the transformer primary. At the timoe it was felt that this would not be a problem, and
no further attempt was made to remove it prior to the field trip, Howcver, during the field irip
preliminary observations made with this radiometer showed high intensitics dominated by this
ringing. To eliminate this problem, the transformer was removed and the reduced deteciivity
accepted, However, at this time the detector developed a crack due to a defect in its window _
and lost {ts vacuum,. It was returned to the manufacturer immediately for repair, but was not
returned in time for the remalinder of the ficld trip. -

During the course of these tests the frequency response of each of the radiometers was
measured using a gallium-arsenide-phosphide radiating diode driven by arvcryf]ow-output ime-
pedance current booster, driven in turn by a square-wave generator. The radiating diode emits
at 6900 A with a radiant output rise time of about 10 nsec. We decided to observe the response
ot each radiometer to square-wave pulses rather than the amplitvde response to continuous
pure sine waves. The reason roi' this was that the events to be observed were to be pulses
ratherthan continuous quctions.‘ flms,observation of the pulse response of the radiometers
would provide the most useful means of evaluating the temporal fidelity of the radiometer. Two
parameters were measured from the pulse response. The rise time (the time for the output of
the radiometer to goc from 0.1 to 0,9 of its final level when the radiant input is a step function
with very fast rise time) was measured which characterizes the high frequency response. The
decay time (the time it takes for the radiometer to drop from 0.9 of its maximum value to 0.1
of its muximum value when the radiant input is a step function of essentially infinite length)
was also measured to characterize the low frequency response. Figure 28 illustrates the quan-
tities mcasured. Table IV also lists the rise times and decay times of the radiometers as used
during the field program. All frequency response measurements were made by observing the
signal as processed by the preamplifier, 500~-ft cable, and postamplifier at the point where the
signal entered the tape recorder. The square-wave pulse response of the tape recorder was
observed separately and was within the manufacturer's specifications, Uniform response down
to dc was evident and typical rise times of 15 ysec were measured although an overshoot of
about 10% in a square-wave pulse was typically observed. The existence of the overshoot was

not considered to be a serious drawback since it lasted for only about 15 ;:sec.

5
MEASUREMENT PROCEDURE

Measurements on this program were made at the Jefferson Proving Ground in Madison,

Indiana, on essentially a non-interfei-ence basis. Although we had no control over the firing
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FIGURE 28. DIAGRAM OF PULSE RESPONSE

schedule, we had the complete cooperation of the personnel there and were abie to operate our
equipment with relative freedom. Technically, the success of the program depended on our
ability to get instrumentation in the field in as short a time as possible so that (1) we caused
little interruptions to the firing schedule, and (2) we had more time to calibrate the instruments
prior to the firing and to care for the details that help make an experiment successful, A very
large factor in the success of an experiment of this type is the number of personnel available
and the diligence with which they work to maintain peak perforraance. In this respect the crew
for these experiments, both our own and the support staff from Jefferson Proving Ground, was

unexcelled.

The instrumentation was cairied in a government-furnished vehicle which was used both as
a mcbile laboratory installation and as a carrier for the equipment. The vehicle could be ex-

panded for calibration and maintenance of instrumentation and retracted for transportation,
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The retracted vehicle was driven to the firing range where the radiometric and vecording gear
were removed, The six radiometers were carried to a site roughly 200 to 400 ft trom the gun
position, depending on the expected intensity of muzzle flash, They were pointed at the {ront of
the muzzle approximately perpendicular to the direction of fire (sce figs. 29 and 30).

FIGURE 29. PHOTOGRAFH OF RADIOMETERS SET UP TO OBSERVE 8i-mm
MORTARS, 8/27/68. The narrow-field-of-view radiometers are on the lef¢ and
the wide-field-of-view radiometers on the right.

The WFOV radiometers were aimed such that the total flash (including secondary burning)
would be encompassed in the uniform portion of the measured field of view. The NFOV radiom-~
eters were aimed directly in front of the muzzle for observing the radiance of the plume. Fig-
ure 31 shows the relationship which was sought between the narrow field of view and the gun
muzzle in aiming the NFOV radiometers. Because of the very small size of the field of view
of these instruments, the repeatability of this aiming process was probably noi good, Neverthe-
less, the consistency of the results obtained on different occasions indicated that the effects of
these aiming difficulties was smali. On several occasions a small chopped light source placed
at the desired position was used as an aiming source. However, time limitations at Jefferson
Proving Ground precluded the use of this source in most cases. The size of the portion of the

plume observed was a direct function of the distance between the radicmeters and the gun.
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FIGURE 30. PHOTOGRAPHS OF RADIOMETERS SET UP TO OBSERVE THE 75-mm
GUN.- The Fastax camera is 2t the far left,

/———- Approximate Proujected i
; Size of Field of View |
/ of Narrow- Field-of-View Radiometer

FIGURE 31. RELATIONSHIP BETWEEN FIELD OF VIEW OF THE NFOV
RAD'DOMETERS AND THE GUY MUZZLE
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The numbers and types of rounds fired were recorded,” Jefferson Proving Ground per-
ative hwinldily and temperature from which the atmospheric transmit-
tance could be calculated. The filters were installed, and the detector Dewars were filled.
Reels of cable were at the same time strung cut {or comections between the radiometers and
the postamplifiers and recording equipment which were protected with the personnel behind an
enmibankment some 200 to 500 ft distant. A Fastax camera supplied by the Army Missilc Com-
mand was set up in the vicinity of the radiometers to obtain a time record of spatial changes

of the plume observed in the vigual region of the spectrum.

Radiometer signals corresponding to the muzzle flash were recorded on a 1-in, magnetic
tape recorder, along with voice information identifying the rourda. At the same time any four
of the six radiometers could be monitored in real time on oscilioscope traces (4 traces were
available on 3 ogcilloscopes). Such monitoring was used primarily as a guide for setting the
#ains on the postamplifiers as the rounds were fired. This insured that, at least for the later
rounds of a series, the signal-to-noise ratio of each measurement was au high as practicable

without vncountering the saturation of the amplifier or tape recorder.

On almost every oceasion a number of photographs of oscilloscope traces showing muzzle
flash data in real time were obtained. These have not been presented in tiis report; rather,
the traces included (see vol, II) were all obtained from a playback of the recorded-data, How-
ever, the traces obtained in real time were compared with traces preseated in volume II, and
we established that the tape recorder did not distort the traces in any apparent way. A regulated
squarc wave was recorded on all channels of each reel of tape for a duration of approximately

30 sec for calibration purposes.

After the rounds had been observed on each occasion, we had to remove all our equipment
from the firing site and return it to our calibration site behind one of the office buildings, Al-
together, on 15 days 1174 rounds were observed.- e

6
DATA REDUCTION
Upon return from the field trip and before analysis could be started, hard copies of the
data had to be obtained to which the calibration data could be applied. After some experimenta-

tion with different oscillescopes and cameras, we settled upon a standard 35-mm, single-lens

*The composition and characteristics of the powder in the individual firings are discussed
in volume II of this report.
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reflex camera equipoed with an extension tube which was usad to photograph oscillascope traces
of the data as the r-corded results were played back, The 2-V, 1-kHz, square-wave signals re-
corded during the measurements on all channels of each tape were also played back and photo-
graphed. The amplitudes of all data traces were adjusted with the factor by which the appro-
priate syuare wave, as reproduced by the tape recorder, departed from 2 V, The gains as re-
corded during the field trip were applied to arrive at the preamplifier output voltage which
would give one division deflection on the scope. Using the appropriate value t_’roxﬁ table II or
1, either the spectral radiance or radiant intensity correspo:dinz to one scope division was
found using equation 1 or 2, whichever was appropriate.

In these equations, ?a was computed using an é;gistlng program {6] for computing spectral
atmospheric transmittance Ta(.\). The blackbody curve for 1000°K was assumed to crudely ap-
proximate the muzzle flash spectrum and so was used for X(A). Values of 7 wiie computed
for each filter for 90 different paths on a digital computer, These paths corresponded to 5 path
lengths from 75 to 300 ft, 5 ambient temperatures froi 75 tc 95°F, und 3 relative humidities,
50, 60, and 70%. The water-vapor path length in precipitable centimeters for each of these
paths \Qas also computed, To find the most.appropriate value of ;a fcr a glven measurement,
the water-vapor path length corresponding to the ambient conditions was computed and a value
for ?a chesen from the 80 values which most closely approximated the water vapor path length
and physical path length of the measurement,

SUM;AARY
The objective of this program was to obtain compxl-ehensive data regarding the dyﬁnmic
spectral emissions of various guns during firing, From a scientific pbint of view, however, we
attenmipted to nbserve thé',radiation from as many guns and mortars as was feasible within con-
straints imposed by time, firing schedules, and ekper‘imental diffi~ulties experienced in the field.
Specifically, we were able to observe with varying degrees of suceess puns ranging in size ;s from
40 to 175 mm and mortars from 60 mm to 4.< in, (the 60-mm results were deleted from the pro-

gram because the signal levels were too low),

To cover the range in spectrum we used a series ol filters with the intent of obtaining data
with approximately a 0.1-um bandwidth at spectral intervals of approximately 0.2 pm in the
region 0,7 to 5.3 ym. The original specification was to cover only this region, but we supggested

that the region from 7.5 to 13.C pm might be of equal importance, and it was agreed that wo

would include this region in the measurcraent program,
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Whereas we are able to satisfy the broad objectives of the contract with the results re-
ported in volume I, we are unable to satisfy fully the more atringent scientitic goals set by
aurselves moan attempl to produce as nearly complete o pieture as possible of pun flash data,
These goals are compromised by the following difficulties which were eacountered in the course

ot the program:

(1) Financial coustrainls peohibited the nse of duplicate filters to provide unambiguous,

simultaneous measurement of spectral radiant intensity and spectral radinnce in the sane spec-
tral region,

(2) In spite of the excellent rapport between us and the personnet ot Jeffersen Proving
Ground, firing schedules were never totally consistent with our need for specift- observitions

to provide a uniform density of data from the stanapoints both of yua types and gpectral region,

(3} Delivery schedules of component (specifically filter) supplicrs were incompatible with

our field program schedule, although delivery time was "tuaranteed.”

(4) Experimental bardships took the usual toll, pariiculurly in time, but also unfortunately
in data, Specifically. the loge of the long-wavelength dotoctbr because of i cracked window
(due to stresses in manufacture) made it impossible to obtain any data in the long-wavelength
region between 7.5 and 13.0 jim in the scaeduled timie of the field trip.

13) A shortsighted estimate on our part of the enormous quantity of data we were actuully
able to obtain forced us to delete some of the niany resulte we would like to have reported, To

have included all of the useful datz would have required an extension to the contract of boeth
time and funding,

To assemble all the data required to give o complate picture of the radiative characteris-
tics of gun flash, including the spectral region from 7.5 to 13 um, would require another mea-
suremeht program, To perform a more comp)éte unalysis of the data actually obtained, how-
ever, requires an extension to the analysis program incorporating the supporting data needed
to yicld an increased confidence in the radiation levels reported in volume II. It is recommended
at this time that no further measurements be made, but that support be offered to perform the

more complete analysis and to formulate predictive mode's fer the radiative characteristics
of gun flash.
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